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Abstract
We analyze the phenomenological implications of introducing vector-like leptons on the Higgs sector in the
Higgs Triplet Model. We impose only a parity symmetry which disallows mixing between the new states and
the ordinary leptons. If the vector leptons are allowed to be relatively light, they enhance or suppress the
decay rates of loop-dominated neutral Higgs bosons decays h→ γγ and h→ Zγ, and affect their correlation.
An important consequence is that, for light vector leptons, the decay patterns of the the doubly-charged
Higgs boson will be altered, modifying the restrictions on their masses.
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1. INTRODUCTION
With the discovery of the Standard Model (SM) Higgs-like scalar at the LHC [1], the SM particle
content seems complete. In particular, the mass and couplings of the neutral Higgs boson seem to
disfavor an additional chiral generation of quarks and leptons [2]. However, additional vector-like
fermions, in which an SM generation is paired with another one of opposite chirality, and with
identical couplings, are less constrained, as there is no quadratic contribution to their masses.
These states appear as natural extensions of the SM particle content, in theories with warped
or universal extra dimensions, as Kaluza-Klein excitations of the bulk field [3], in non-minimal
supersymmetric extensions of the SM [4], in composite Higgs models [5], in Little Higgs Model [6]
and in gauged flavor groups [7]. Vector fermions have identical left- and right-handed couplings
and can have masses which are not related to their couplings to the Higgs bosons [8]. Depending
on the dominant decay mode, the limits on new vector-like fermions range from ∼ 100− 600 GeV
[9], rendering them observable at the LHC.
Vector quarks can modify both the production and decays of the Higgs boson at the LHC, while
vector leptons do not carry SU(3)c charge and can only modify the decay patterns of the Higgs.
Study of the latter would be a sensitive probe for new physics. The lepton states contribute to
self-energy diagrams for electroweak gauge boson masses and precision observables, and consistent
limits on their masses and mixings have been obtained [10, 11].
Vector leptons have been studied in the context of the SM [11–13], but less so for models
beyond the SM, where they can also significantly alter the phenomenology of the model. In the
SM, introducing heavy fermions provides a contribution of the same magnitude and sign to the
one of the top quark and interferes destructively with the dominant W -contribution, reducing the
h → γγ rate with respect to its SM value. Recent studies indicate that cancellations between
scalar and fermionic contributions allow a wide range of Yukawa and mass mixings among vector
states [14]. An investigation of vector leptons in the two Higgs doublet model [14] showed that
the presence of additional Higgs bosons alleviates electroweak precision constraints. Introducing
vector leptons into supersymmetry [15] can improve vacuum stability and enhance the di-photon
rate by as much as 50%, while keeping new particle masses above 100 GeV and preserving vacuum
stability conditions.
In the present work, we investigate vector leptons in the context of the Higgs Triplet Model
(HTM). We do not deal with LHC phenomenology (pair production and decay) of the extra leptons,
which has been discussed extensively in the literature [16], choosing instead to focus on signature
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features of this model. We have previously shown that in the Higgs Triplet Model, enhancement of
the h→ γγ rate is possible only for the case where the doublet and triplet neutral Higgs fields mix
considerably [17]. We extend our analysis to include additional vector-like leptons in the model
and investigate how these affect the Higgs di-photon decay rate, with or without significant mixing
in the neutral Higgs sector. Originally, both CMS and ATLAS experiments at LHC observed an
enhancement of the Higgs di-photon rate, while the di-boson rates (h → WW ∗, ZZ∗) have been
roughly consistent with SM expectations. At present CMS observes σ(pp → h) × BR(h → γγ) =
0.77± 0.27 times the SM rate, while ATLAS observes σ(pp→ h)×BR(h→ γγ) = 1.55+0.33−0.28 times
the SM rate [18]. Given these numbers, it is possible that either the SM value will be proven
correct, or a modest enhancement will persist. A further test of the SM is the correlation of the
decay h→ Zγ with one for h→ γγ. We also include the prediction for the vector lepton effect on
branching ratio of h→ Zγ and comment on the relationship with the di-photon decay.
We have an additional reason to investigate the effects of vector leptons in the Higgs Triplet
Model. The model includes doubly-charged Higgs bosons, predicted by most models to be light.
Being pair-produced, the doubly-charged Higgs bosons are assumed to decay into a pair of leptons
with the same electric charge, through Majorana-type interactions [19]. Assuming a branching
fraction of 100% decays into leptons, i.e., neglecting possible decays intoW -boson pairs, the doubly-
charged Higgs mass has been constrained to be larger than about 450 GeV, or more, depending
on the decay channel. However, if the vector leptons are light enough, which they can be, the
doubly-charged Higgs bosons can decay into them and thus evade the present collider bounds on
their masses. We investigate this possibility in the second part of this work.
Our work is organized as follows. We introduce the Higgs Triplet Model with vector leptons in
Section 2. In Section 3 we analyze the effect of the vector leptons on the decays of the neutral Higgs
bosons, and discuss the constraints on the parameter space coming from requiring agreement with
present LHC data. We include both loop-dominated decays, h → γγ in 3.1, and h → Zγ in 3.2.
In Section 4 we analyze the effect of the vector leptons on the production and decay mechanisms
of the doubly-charged Higgs at the LHC. We summarize our findings and conclude in Section 5.
2. THE MODEL
The Higgs Triplet Model has been studied previously [20]. Here we concentrate on the effect of
extending the model by incorporating additional vector leptons. For the purpose of our analysis,
vector quarks either do not exist, or are much heavier and decouple from the spectrum. The model
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contains a vector-like fourth generation of leptons, namely the SU(2)L left-handed lepton doublets
L′L = (ν
′
L, e
′
L), right-handed charged and neutral lepton singlets, ν
′
R and e
′
R, and the mirror right-
handed lepton doublets, L′′R = (ν
′′
R, e
′′
R) and left-handed charged and neutral lepton singlets ν
′′
L and
e′′L. The vector-like leptons have the following quantum numbers under SU(3)C×SU(2)L×U(1)Y :
L′L = (1,2,−1/2), L′′R = (1,2,−1/2), e′R = (1,1,−1),
e′′L = (1,1,−1), ν ′R = (1,1, 0), ν ′′L = (1,1, 0), (2.1)
with the electric charge given by Q = T3 + Y , where T3 the weak isospin. The Lagrangian density
of this model is:
LHTM = Lkin + LY + LVL − V (Φ,∆), (2.2)
where Lkin, LY , LVL and V (Φ,∆) are the kinetic term, Yukawa interaction for the ordinary SM
fermions, the mass and Yukawa interaction for the the vector leptons, and the scalar potential,
respectively. The Yukawa interactions for the ordinary SM leptons are [17]
LY = −
[
L¯iLh
ij
e Φe
j
R + h.c.
]
−
[
hijLicL iτ2∆L
j
L + h.c.
]
, (2.3)
where Φ˜ = iτ2Φ
∗, he is a 3×3 complex matrix, and hij is a 3×3 complex symmetric Yukawa matrix.
Additionally, with the vector-like family of leptons as defined above, the vector-lepton part of the
Lagrangian density is
LVL = −
[
MLL¯
′
LL
′′
R +ME e¯
′
Re
′′
L +Mν ν¯
′
Rν
′′
L +
1
2
M ′νν
′c
Rν
′
R +
1
2
M ′′ν ν
′′c
L ν
′′
L + h
′
E(L¯
′
LΦ)e
′
R
+h′′E(L¯
′′
RΦ)e
′′
L + h
′
ν(L¯
′
LτΦ
†)ν ′R + h
′′
ν(L¯
′′
RτΦ
†)ν ′′L + h
′
ijL
′ c
L iτ2∆L
′
L + h
′′
ijL
′′ c
R iτ2∆L
′′
R
+λiE(L¯
′
LΦ)e
i
R + λ
i
L(L¯
i
LΦ)e
′
R + λ
′
ijL
ic
L iτ2∆L
′
L + λ
′′
ijL
ic
Riτ2∆L
′′
R + h.c.
]
(2.4)
where we include explicit mass terms, Yukawa interactions among vector leptons, and Yukawa
interactions between vector leptons and ordinary leptons. The scalar potential is
V (Φ,∆) = m2Φ†Φ +M2Tr(∆†∆) +
[
µΦTiτ2∆
†Φ + h.c.
]
+ λ1(Φ
†Φ)2
+ λ2
[
Tr(∆†∆)
]2
+ λ3Tr[(∆
†∆)2] + λ4(Φ†Φ)Tr(∆†∆) + λ5Φ†∆∆†Φ, (2.5)
with m and M the Higgs bare masses, µ the lepton-number violating parameter, and λ1-λ5 the
Higgs coupling constants. The expressions for the λ1-λ5 parameters in terms of Higgs masses are
given in [17].
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The electroweak gauge symmetry is broken by the VEVs of the neutral components of the
doublet and triplet Higgs fields,
〈Φ0〉 = vΦ/
√
2, 〈∆0〉 = v∆/
√
2. (2.6)
where Φ and ∆ are the doublet Higgs field and the triplet Higgs field, with v2 ≡ v2Φ + 2v2∆ = (246
GeV)2. Higgs masses and coupling constants in the presence of non-trivial mixing in the neutral
sector have been obtained previously [17].
One can invoke new symmetries to restrict the interaction of the vector leptons with each other,
or with the ordinary leptons, or disallow the presence of bare mass terms in the Lagrangian. For
instance,
1. If an additional U(1) symmetry under which the primed, double primed and the ordinary
leptons have different charges, this would forbid explicit masses ML, ME , Mν and M
′
ν in the
Lagrangian. Vector leptons would get masses only through couplings to the Higgs doublet
fields [13, 22].
2. If one imposes a symmetry under which all the new SU(2) singlet fields are odd, while the
new SU(2) doublets are even, this forces all Yukawa couplings involving new leptons to
vanish, h′E = h
′′
E = h
′
ν = h
′′
ν = h
′
ij = h
′′
ij = 0, and the masses arise only from explicit terms
in the Lagrangian [11].
3. Finally one can impose a new parity symmetry which disallows mixing between the ordinary
leptons and the new vector lepton fields, under which all the new fields are odd, while the
ordinary leptons are even [21], i.e., such that λiE = λ
i
L = λ
′
ij = λ
′
ij = λ
′′
ij = 0; alternatively
one might choose these couplings to be very small.
In this analysis the focus will be on Higgs decays. We investigate the model subjected to
symmetry conditions 1 and/or 2; and we neglect mixing between the ordinary and the new vector
leptons. When allowed, stringent constraints exist on the masses and couplings with ordinary
leptons. New vector leptons are ruled out when they mediate flavor-changing neutral currents
processes, generate SM neutrino masses or contribute to neutrinoless double beta decay. Recent
studies of models which allow mixing between the ordinary leptons and the new ones exist [21, 22],
but there restrictions from lepton-flavor violating decays force the new leptons to be very heavy
ML,ME ∼ 10 − 100 TeV, or reduces the branching ratio for h → τ+τ−, µ+µ− and of h → γγ
decay to 30-40% of the SM prediction, neither desirable features for our purpose here. In the Higgs
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Triplet Model, distinguishing signals would be provided by lighter vector leptons. Since imposing
no mixing between ordinary and new leptons allows new lepton masses to be as light as ∼ 100 GeV,
perhaps without a reduction in the Higgs di-photon branching ratio, we investigate this scenario
here.
In the charged sector, the 2× 2 mass matrix ME is defined as [11, 13]
(
E′L e
′′
L
)
(ME)
 e′R
E′′R
 , with ME =
 m′E ML
ME m
′′
E
 , (2.7)
with m′E = h
′
EvΦ/
√
2 and m′′E = h
′′
EvΦ/
√
2, with vΦ the VEV of the neutral component of the
Higgs doublet. The mass matrix can be diagonalized as follows:
V †LMEVR =
ME1 0
0 ME2
 . (2.8)
The mass eigenvalues are
M2E1,E2 =
1
2
[(
M2L +m
′ 2
E +M
2
E +m
′′ 2
E
)±√X2 + Y 2] , (2.9)
with
X =
(
M2L +m
′ 2
E −M2E −m′′ 2E
)
,
Y = 2(m′′EML +m
′
EME). (2.10)
By convention, ME1 > ME2 . For simplicity we assume lepton Yukawa couplings h
′
E and h
′′
E are
real so that the transformations that diagonalize the mass matrix are real orthogonal matrices:
VL =
 cos θL sin θL
− sin θL cosθL
 , (2.11)
VR =
 cos θR sin θR
− sin θR cosθR
 . (2.12)
The angles θL,R are given by
tan θL =
m′′EML +m
′
EME
M2E2 −M2L −m′ 2E
, (2.13)
tan θR =
m′EML +m
′′
EME
M2E2 −M2L −m′′ 2E
. (2.14)
The eigenstates of the vector lepton mixing matrix enter in the evaluation of h→ γγ and h→ Zγ
in the next section.
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3. PRODUCTION AND DECAYS OF THE NEUTRAL HIGGS BOSON
The presence of the vector leptons affects the loop-dominated decays of the neutral Higgs,
h→ γγ and h→ Zγ, and possible relationships between them. In the Higgs Triplet Model, singly-
and doubly-charged bosons also enter in the loops, creating a different dynamic than in the SM.
We analyze these decays in turn, and look for possible correlations between them.
3.1. h→ γγ
Recently, the Triplet Higgs Model has received renewed interest recently because of attempts
to reconcile the excess of events in h → γγ observed at the LHC over those predicted by the
SM. Such an enhancement hints at the presence of additional particles, singlets under SU(3)c, but
charged under U(1)em which affect only the loop-dominated decay branching ratio, while leaving
the production cross section and tree level decays largely unchanged. Vector leptons are prime
candidates for such particles, so we study their contribution to the Higgs decay branching. The
decay width h→ γγ is
[Γ(h→ γγ)]HTM = GFα
2m3h
128
√
2pi3
∣∣∣∣∑
f
Nfc Q
2
fghffA1/2(τ
h
f ) + ghWWA1(τ
h
W ) + g˜hH±H∓A0(τ
h
H±)
+ 4g˜hH±±H∓∓A0(τ
h
H±±) +
µE1ghff
ME1
A1/2(τ
h
E1) +
µE2ghff
ME2
A1/2(τ
h
E2)
∣∣∣∣2 , (3.1)
with ME1 ,ME2 given in Eq. (2.9), and where the loop functions for spin 0, spin 1/2 and spin 1 are
given by:
A0(τ) = −[τ − f(τ)] τ−2 , (3.2)
A1/2(τ) = −τ−1
[
1 +
(
1− τ−1) f (τ−1)] , (3.3)
A1(τ) = 1 +
3
2
τ−1 + 4τ−1
(
1− 1
2
τ−1
)
f
(
τ−1
)
, (3.4)
and the function f(τ) is given by :
f(τ) =

arcsin2
√
τ 0 < τ ≤ 1
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − ipi
]2
τ > 1 ,
(3.5)
with τhi =
m2h
4m2i
, and mi the mass of the particle running in the loop [11]. In Eq. (3.1) the first
contribution is from the top quark, the second from the W boson, the third from the singly-charged
Higgs boson, the fourth from the doubly-charged Higgs boson, and the last two from the vector
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leptons. We used the following expressions for the couplings of the Higgs bosons with charged
vector leptons:
µE1 = − cos θL cos θR
(
m′E tan θR +m
′′
E tan θL
)
µE2 = cos θL cos θR
(
m′E tan θL +m
′′
E tan θR
)
(3.6)
The couplings of h to the vector bosons and fermions are as follows:
ghff = cosα/ cosβ± ; ghWW = cosα+ 2 sinα v∆/vΦ , (3.7)
with ff = tt, E1E1, E2E2, and the scalar trilinear couplings are parametrized as follows
g˜hH++H−− =
mW
gm2
H±±
[
2λ2v∆ sinα+ λ4vΦ cosα
]
,
g˜hH+H− =
mW
2gm2
H±
{[
4v∆(λ2 + λ3) cos
2 β± + 2v∆λ4 sin2 β± −
√
2λ5vΦ cosβ± sinβ±
]
sinα
+
[
4λ1 vΦ sinβ±2 + (2λ4 + λ5)vΦ cos2 β± + (4µ−
√
2λ5v∆) cosβ± sinβ±
]
cosα
}
. (3.8)
Since the new leptons do not affect the Higgs production channels, the effect on the di-photon
search channel at the LHC is expressed by the ratio
Rh→γγ ≡ σHTM(gg → h→ γγ)
σSM(gg → Φ→ γγ) =
[σ(gg → h)×BR(h→ γγ)]HTM
[σ(gg → Φ)×BR(Φ→ γγ)]SM
=
[σ(gg → h)× Γ(h→ γγ)]HTM
[σ(gg → Φ)× Γ(Φ→ γγ)]SM ×
[Γ(Φ)]SM
[Γ(h)]HTM
, (3.9)
where Φ is the SM neutral Higgs boson and where the ratio of the cross sections by gluon fusion is
σHTM(gg → h→ γγ)
σSM(gg → Φ→ γγ) = cos
2 α . (3.10)
Here α is the mixing angle in the CP-even neutral sector: ϕ
δ
 =
 cosα − sinα
sinα cosα
 h
H
 , (3.11)
with
tan 2α =
v∆
vΦ
2v2Φ(λ4 + λ5)− 4v2Φµ/
√
2v∆
2v2Φλ1 − v2Φµ/
√
2v∆ − 2v2∆(λ2 + λ3)
. (3.12)
In [17] we investigated the Higgs boson decay branching ratio into γγ with respect to the SM
considering the lightest Higgs boson is the 2.3σ signal excess observed at the LEP at 98 GeV, while
the heavier Higgs boson is the boson observed at the LHC at 125 GeV, in a Higgs Triplet Model
8
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FIG. 1: Relative decay rate Rh→γγ in the limit ML = ME = 0 (left panel) as a function of m′E = m
′′
E , for
sinα = 0; (middle panel) as a function of sinα for m′E = m
′′
E = 100 GeV, and (right panel) as a function of
sinα for m′E = m
′′
E = 200 GeV. The colored-coded curves correspond to different values of doubly-charged
Higgs masses, given in the attached panels in GeV.
without vector leptons, and found that this is the only scenario which allows for enhancement of
the h → γγ branching fraction. We thus set the values 125 GeV and 98 GeV for the h and H
masses respectively, and adjust the parameters λ1 − λ5 accordingly.
Vector lepton masses and mixing parameters depend on ML and ME , the explicit mass pa-
rameters in the Lagrangian; and h′E , h
′′
E , the vector leptons Yukawa parameters. In the limit of
vanishing Dirac mass terms ML and ME , the pre-factors
µEi
MEi
in (11) go to one. It then follows that
there is destructive interference between the dominant W - boson contribution and the charged lep-
tons loops [11]. In this limit, despite possible enhancement from singly- and doubly-charged Higgs
bosons in the loop, we find a large suppression of the di-photon rate. We present the plots for the
relative signal strength of Rh→γγ , defined in Eq. (3.9) as a function of m′E = m
′′
E (or equivalently
h′E = h
′′
E), for various values of doubly charged Higgs bosons mass, in the left-side panel of Fig. 1,
for sinα = 0. Clearly, for this case (no mixing) the decay of the h is suppressed significantly with
respect to the value in SM over the whole region of the parameter space in m′E .
Allowing mixing in the neutral Higgs sector changes the relative contributions of the charged
Higgs to the di-photon decay. We show decay rates for h→ γγ as a function of sinα for different
values of doubly-charged Higgs boson mass considering m′E = m
′′
E = 100 GeV (and 200 GeV)
in Fig. 1 middle (and right) panels respectively. Considerations for relative branching ratios are
affected by the fact that the total width of Higgs boson in the HTM for sinα 6= 0 is not the same
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as in the SM. The relative widths factor is
[Γ(h)]HTM
[Γ(Φ)]SM
=
[Γ(h→∑
f
ff¯) + Γ(h→WW ∗) + Γ(h→ ZZ∗) + Γ(h→ νν)]HTM
[Γ(Φ→∑
f
ff¯) + Γ(Φ→WW ∗) + Γ(Φ→ ZZ∗)]SM
. (3.13)
The plots in Fig. 1 correspond to symmetry condition 1 in Section 2, that is, ML = ME = 0.
However, if mixing with SM leptons is forbidden, but the vector leptons are still allowed to
mix with each other, the pre-factors µEi/MEi in Eq. (3.1) are not one, and can modify the Higgs
di-photon decay. In the next plots we investigate the effect of non-zero mass parameters ML and
ME , for fixed values of the Yukawa couplings. In Fig. 2 we present the contour plots of constant
Rh→γγ for h′E = h
′′
E = 0.8 in the plane of the explicit mass terms ML and ME , for various values of
doubly-charged Higgs bosons mass and sinα. The contours are labeled by the value of Rh→γγ . The
vector lepton masses are restricted to values for which [13] ME2 ≥ 62.5 GeV, where ME1,2 are given
in Eq. (2.9). The plots indicate that it is difficult to obtain any significant enhancement of the
ratio Rh→γγ for sinα = 0, and this does not depend on the chosen values for the doubly-charged
Higgs mass; while for sinα 6= 0, enhancements are possible for various values of mH±± . In Fig. 3
we investigate the dependence of Rh→γγ on the Yukawa couplings and vector lepton masses. We
show contour plots for fixed Rh→γγ in a h′E −ML plane, with h′E = h′′E and ML = ME , for various
values of sinα and doubly-charged Higgs boson masses. Enhancements are possible here for all
values of sinα, but while for sinα = 0 the decay h→ γγ is enhanced for large vector lepton masses
and Yukawa couplings, for sinα 6= 0 we observe enhancements for light vector lepton masses and
small Yukawa couplings.
If we wish to study the light vector leptons parameter space where h→ γγ is enhanced, sinα 6= 0
is preferred. The enhancement is affected by mixing in the vector lepton sector, the various values
for doubly-charged Higgs Bosons mass and values of sinα.
As the plots cover only a limited range of the parameter space, in the Tables below we give the
ranges for the values of the ratio Rh→γγ for the various scenarios. In Table I, we fix the value of the
Yukawa coupling to h′E = 0.8, allow the vector lepton masses to vary in the (100-500) GeV range,
and show the values for Rh→γγ for different sinα and doubly-charged Higgs masses. We note that
the relative branching ratios are very sensitive to both doubly charged Higgs mass values and values
of sinα. Enhancements in the branching ratio of h→ γγ are possible for light mH±± ≤ 300 GeV,
and are much more pronounced at large sinα. Note that for sinα = 0, the result is independent of
mH±± , in agreement with the results obtained in [17]. The reason is the following. In Eq. (3.8),
10
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FIG. 2: Contour plots of constant Rh→γγ for mass terms ME and ML, for h′E = h
′′
E = 0.8 and combinations
of doubly-charged Higgs boson masses and sinα: (upper left panel) mH±± = 150 GeV, sinα = 0; (upper
middle panel) mH±± = 150 GeV, sinα = 0.2; (upper right panel) mH±± = 300 GeV, sinα = 0 ; and (lower
left panel) mH±± = 300 GeV, sinα = 0.9 ; (lower middle panel) mH±± = 500 GeV, sinα = 0; (lower right
panel) mH±± = 600 GeV, sinα = 0.
for sinα = 0, the coupling between neutral and doubly-charged Higgs
g˜hH++H−− =
mW
gm2
H±±
[
λ4vΦ
]
=
mW
gm2
H±±
[
2
m2H±±
v2Φ
vΦ
]
= 2
mW
gvΦ
, (3.14)
where we used the expression for λ4 from [17], is independent of mH±± . In Table II we allow, in
addition to mass variations, variations in the Yukawa coupling h′E ∈ (0 − 3). This means allow-
ing both explicit (Dirac) masses and additional contributions by electroweak symmetry breaking,
m′E , m
′′
E . The dependence on the Yukawa coupling h
′
E is much weaker than on sinα or on mH±± .
However, one can see from the Tables that modest enhancements of the ratio Rh→γγ are possible
for sinα = 0 for large vector leptons Yukawa couplings, unlike in the case of the Triplet Model
without vector leptons. This would then be a clear distinguishing feature: enhancements of the
decay h → γγ in the absence of mixing in the neutral sector. The absence of mixing would
11
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FIG. 3: Contour plots of constant Rh→γγ for mass terms ML and h′E = h
′′
E , for various doubly-charged
Higgs boson masses and sinα: (upper left panel) mH±± = 200 GeV, sinα = 0; (upper middle panel)
mH±± = 200 GeV, sinα = 0.4; (upper right panel) mH±± = 300 GeV, sinα = 0; and (lower left panel)
mH±± = 300 GeV, sinα = 0.9; (lower middle panel) mH±± = 500 GeV, sinα = 0; (lower right panel)
mH±± = 600 GeV, sinα = 0.
manifest itself in observing tree-level decays (h → bb¯, τ+τ−, ZZ∗ and WW ∗) identical to those in
the SM. There seems to be a minimum value of Rh→γγ for sinα = 0.1, where the contribution
from the doubly-charged Higgs bosons is important for small doubly-charged masses and counters
the contribution from the vector leptons. This is a suppression of the branching ratio for h→ γγ
due to the fact that the vector lepton contribution interacts destructively with the dominant W±
contribution. As a general feature, Rh→γγ increases when we lower the doubly charged Higgs mass
and increase sinα. This rules out part of the parameter space. For instance, for mH±± = 150
GeV, the mixing cannot be larger than sinα = 0.2, and for mH±± = 200 GeV, mixings larger
than sinα ≥ 0.5 are ruled out. If the value of mH±± is increased to 500 − 600 GeV, only modest
enhancements are possible, and only for sinα = 0, for vector lepton explicit masses in the 100−500
GeV range and h′E = 0.8. Increasing the vector leptons Yukawa coupling increases the overall ratio
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TABLE I: Range of the ratio Rh→γγ , as defined in the text, for doubly-charged Higgs mass (in columns) and
neutral Higgs mixing angle sinα (in rows), for Dirac vector lepton masses in the range ME ,ML ∈ (100−500)
GeV, with h′E = 0.8 .
Rγγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinα = 0 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2 0.6− 1.2
sinα = 0.1 0.02− 0.08 0.05− 0.23 0.2− 0.5 0.3− 0.7 0.5− 1 0.6− 1
sinα = 0.2 0.8− 1.6 0.02− 0.14 0.01− 0.08 0.1− 0.3 0.4− 0.8 0.5− 0.9
sinα = 0.3 4− 5.2 0.2− 0.9 0.02− 0.12 0.01− 0.04 0.25− 0.55 0.3− 0.7
sinα = 0.4 9− 10.75 1.4− 2.2 0.1− 0.5 0.02− 0.08 0.15− 0.35 0.25− 0.55
sinα = 0.5 16− 18 3.2− 4.2 0.6− 1.2 0.05− 0.3 0.06− 0.22 0.15− 0.35
sinα = 0.6 24− 26.5 5.6− 6.8 1.4− 2.1 0.25− 0.7 0.01− 0.07 0.06− 0.2
sinα = 0.7 32.5− 34.5 8.2− 9.4 2.4− 3.1 0.7− 1.1 0.002− 0.008 0.02− 0.08
sinα = 0.8 38.5− 40.75 10.4− 11.4 3.4− 4.1 1.2− 1.65 0.005− 0.045 0.001− 0.006
sinα = 0.9 36.2− 37.4 10.2− 10.9 3.7− 4.1 1.5− 1.75 0.04− 0.01 0.005− 0.002
TABLE II: Same as in Table I, but also allowing h′E ∈ (0− 3).
Rγγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinα = 0 0.5− 2 0.5− 2 0.5− 2 0.5− 2 0.5− 2 0.5− 2
sinα = 0.1 0.05− 0.15 0.1− 0.6 0.2− 1 0.2− 1.4 0.5− 1.75 0.5− 2
sinα = 0.2 0.5− 2 0.1− 0.4 0.05− 0.3 0.1− 0.7 0.25− 1.5 0.25− 1.75
sinα = 0.3 2− 6 0.5− 1 0.1− 0.4 0.05− 0.2 0.2− 1.2 0.2− 1.4
sinα = 0.4 6− 11 1− 2.5 0.2− 0.6 0.05− 0.3 0.2− 0.8 0.2− 1
sinα = 0.5 14− 18 2− 4 0.5− 1.5 0.2− 0.4 0.1− 0.5 0.2− 0.8
sinα = 0.6 20− 26 4− 7 0.5− 2.5 0.25− 0.75 0.05− 0.25 0.1− 0.5
sinα = 0.7 30− 36 7− 10 1.5− 3.5 0.25− 1.25 0.01− 0.07 0.05− 0.2
sinα = 0.8 36− 40 9− 12 2.5− 4 0.5− 1.75 0.02− 0.08 0.01− 0.04
sinα = 0.9 35− 38 9.5− 11 3.2− 4 1.2− 1.8 0.05− 0.1 0.04− 0.01
Rh→γγ .
3.2. h→ Zγ
In most models, the h→ γγ and h→ Zγ partial decay widths are correlated or anti-correlated,
though usually the enhancement/suppression in the Zγ channel is much smaller compared to that
13
in the γγ channel. However, as in models with new loop-contributions to h→ γγ, Zγ, sensitivity to
both is expected, we study the correlation between the two here, in the presence of vector leptons.
Investigation of the branching ratio of h → Zγ is also further justified by the recent results from
CMS and ATLAS [23], which indicate branching fractions consistent with the SM expectation at
1σ in the Higgs boson h mass region at 95% C.L. . The decay width for h→ Zγ is given by [24]:
[Γ(h→ Zγ)]HTM = αG
2
Fm
2
Wm
3
h
64pi4
(
1− m
2
Z
m2h
)3 ∣∣∣∣ 1cW ∑
f
2Nfc Qf (I
f
3 − 2Qfs2W )ghffAh1/2(τhf , τZf )
+
(IE3 − 2QEs2W )(2QE)
cW
[
µE1ghff
ME1
A1/2(τ
h
E1 , τ
Z
E1) +
µE2ghff
ME2
Ah1/2(τ
h
E2 , τ
Z
E2)
]
+ cW ghWWA
h
1(τ
h
W , τ
Z
W )− 2sW g˜hH±H∓gZH±H∓Ah0(τhH± , τZH±)
− 4sW g˜hH±±H∓∓gZH±±H∓∓Ah0(τhH±± , τZH±±)
∣∣∣∣2 , (3.15)
where τhi = 4m
2
i /m
2
h, τ
Z
i = 4m
2
i /m
2
Z (with i = f(≡ t), E1, E2,W,H±, H±±), and the loop-factors
are given by
Ah0(τh, τZ) = I1(τ
h, τZ),
Ah1/2(τ
h, τZ) = I1(τ
h, τZ)− I2(τh, τZ), (3.16)
Ah1(τ
h, τZ) = 4(3− tan2 θW )I2(τh, τZ) +
[
(1 + 2τh−1) tan2 θW − (5 + 2τh−1)
]
I1(τ
h, τZ).
The functions I1 and I2 are given by
I1(τ
h, τZ) =
τhτZ
2 (τh − τZ) +
τh 2τZ 2
2 (τh − τZ)2
[
f
(
τh−1
)
− f (τZ−1)]
+
τh 2τZ
(τh − τZ)2
[
g
(
τh−1
)
− g (τZ−1)] ,
I2(τ
h, τZ) = − τ
hτZ
2(τh − τZ)
[
f
(
τh−1
)
− f (τZ−1)] , (3.17)
where the function f(τ) is defined in Eq. (3.5), and the function g(τ) is defined as
g(τ) =

√
τ−1 − 1 sin−1 (√τ) , (τ < 1)
1
2
√
1− τ−1
[
log
(
1 +
√
1− τ−1
1−√1− τ−1
)
− ipi
]
, (τ ≥ 1) .
(3.18)
In Eq. (3.15) we list, in order, the ordinary leptons, vector leptons, W boson, singly-charged
Higgs, and doubly-charged Higgs contribution. The scalar couplings ghff¯ and ghW+W− are given
in Eq. (3.7), and the scalar trilinear couplings g˜hH±H∓ and g˜hH±±H∓∓ are given in Eq. (3.8). The
remaining couplings in Eq. (3.15) are given by
gZH+H− = − tan θW , gZH++H−− = 2 cot 2θW . (3.19)
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FIG. 4: Relative decay rate for Rh→γZ as a function of m′E = m
′′
E for different values of doubly-charged Higgs
masses, in the case of no mixing, i.e., sinα = 0 (left panel); and as a function of sinα for m′E = m
′′
E = 100
GeV (middle panel), and m′E = m
′′
E = 200 GeV (right panel). The colored-coded curves correspond to
different values of doubly-charged Higgs masses, given in the attached panels in GeV.
We proceed to perform a similar analysis as in Sec. 3.1. We show first the variation of the branching
ratio h → Zγ with the mass m′E = m′′E , for various values of the doubly-charged Higgs masses,
for the case of no mixing in the neutral sector, sinα = 0 (shown in Fig. 4, left-hand panel), and
as a function of the mixing angle sinα for m′E = 100 GeV, and m
′
E = 200 GeV, in the middle
and right panels of Fig. 4, respectively. We have chosen the same parameter values as in Fig.
1, for comparison. It is clear that the branching ratio into Zγ is fairly independent of both m′E
and mH±± , and always just below the SM expectations. Note that the severe suppression seen in
h → γγ for sinα = 0 (Fig. 1, left side panel) does not occur here, and the results of the left side
of Fig. 4 are consistent with the data at LHC.
But the variation with the mixing angle α is pronounced, and the branching ratio can reach
almost twice its SM value for sinα ∼ 0.8. However, correlated with our predictions from Sec. 3.1
and LHC measurements for Rh→γγ , the parameter space corresponding to an enhanced h → Zγ,
for both m′E = 100 GeV and 200 GeV, for doubly-charged Higgs mass mH±± = 150 GeV is ruled
out. For all other values considered, the value for Rh→Zγ is close to, or below the SM expectations.
This is general prediction of the model.
For a large range of parameter space, the decay h → Zγ can be suppressed significantly with
respect to the SM. We plot decay rates for h → Zγ as a function of sinα for different values of
doubly charged Higgs boson mass, considering m′E = m
′′
E = 100 GeV and 200 GeV in Fig. 4,
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middle and right panel respectively. Again, considerations for relative branching ratios are affected
by the fact that the total width of Higgs boson in the HTM is not the same as in the SM. The
widths are the same as those in the SM for h for sinα = 0, while for sinα 6= 0 we take into account
the relative widths factors, Eq.(3.13).
In Tables III and IV we present the explicit ranges of Rh→Zγ for varying ME ,ML and for a
range of h′E parameters. We choose a fixed value for h
′
E = 0.8 in Table III, as the preferred choice
from other analyses [11, 13], and for comparison with Table I. Comparison of Tables I and III
shows that the decay h → Zγ is far more stable against variations in masses and values for sinα
than h→ γγ, making it a less sensitive indicator for the presence of vector lepton states.
In Table IV we also allow variations in the Yukawa coupling h′E ∈ (0 − 3). As before this
amounts to allowing both explicit and contributions by electroweak symmetry breaking, m′E , m
′′
E ,
to vector lepton masses. Comparison of the Tables III and IV indicates that the results are not very
sensitive to variations in the Yukawa coupling h′E , or the vector lepton mass parameters ME ,ML.
However, the relative branching ratios are very sensitive to values of sinα. While the branching
ratio into Zγ is almost always suppressed with respect to its SM value, there is a small region
of the parameter space, light H±± and sinα ' 0.7 − 0.9 where enhancement is possible; but as
discussed before, this region is ruled out by constraints from h→ γγ measurement, Table II. Note
that for sinα = 0 the branching ratio is as before, independent of the mass of H±± and about the
same as in the SM.
TABLE III: Range of the ratioRh→Zγ , as defined in the text, for doubly-charged Higgs mass (in columns) and
neutral Higgs mixing angle sinα (in rows), for Dirac vector lepton masses in the range ME ,ML ∈ (100−500)
GeV, with h′E = 0.8.
RZγ mH±± = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinα = 0 0.96− 1 0.96− 1 0.96− 1 0.96− 1 0.96− 1 0.96− 1
sinα = 0.1 0.48− 0.51 0.68− 0.72 0.78− 0.82 0.83− 0.87 0.91− 0.94 0.92− 0.96
sinα = 0.2 0.16− 0.18 0.44− 0.47 0.6− 0.63 0.69− 0.73 0.83− 0.87 0.85− 0.89
sinα = 0.3 0.01− 0.015 0.24− 0.26 0.43− 0.45 0.55− 0.58 0.74− 0.78 0.78− 0.81
sinα = 0.4 0.03− 0.04 0.09− 0.10 0.27− 0.3 0.41− 0.43 0.63− 0.66 0.68− 0.71
sinα = 0.5 0.25− 0.26 0.01− 0.02 0.14− 0.58 0.27− 0.29 0.52− 0.54 0.56− 0.59
sinα = 0.6 0.64− 0.66 0.005− 0.006 0.05− 0.06 0.15− 0.17 0.39− 0.41 0.43− 0.46
sinα = 0.7 1.18− 1.21 0.07− 0.08 0.005− 0.007 0.06− 0.07 0.25− 0.27 0.3− 0.32
sinα = 0.8 1.76− 1.78 0.21− 0.22 0.008− 0.01 0.009− 0.011 0.13− 0.14 0.17− 0.18
sinα = 0.9 1.98− 1.99 0.35− 0.36 0.06 0.004− 0.005 0.03− 0.04 0.05− 0.06
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TABLE IV: Same as in Table III, but also allowing h′E ∈ (0− 3).
RZγ mH++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinα = 0 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04 0.94− 1.04
sinα = 0.1 0.47− 0.54 0.66− 0.74 0.76− 0.84 0.8− 0.9 0.92− 0.98 0.9− 1
sinα = 0.2 0.16− 0.2 0.43− 0.49 0.6− 0.7 0.68− 0.74 0.82− 0.9 0.8− 0.9
sinα = 0.3 0.01− 0.018 0.23− 0.27 0.42− 0.47 0.54− 0.6 0.74− 0.8 0.76− 0.84
sinα = 0.4 0.03− 0.05 0.09− 0.12 0.27− 0.31 0.4− 0.5 0.63− 0.68 0.67− 0.73
sinα = 0.5 0.23− 0.27 0.01− 0.02 0.14− 0.17 0.27− 0.3 0.51− 0.56 0.56− 0.61
sinα = 0.6 0.6− 0.7 0.001− 0.01 0.05− 0.01 0.15− 0.18 0.38− 0.42 0.43− 0.47
sinα = 0.7 1.16− 1.22 0.07− 0.08 0.004− 0.008 0.06− 0.08 0.26− 0.28 0.3− 0.33
sinα = 0.8 1.73− 1.79 0.2− 0.23 0.006− 0.01 0.008− 0.01 0.13− 0.15 0.17− 0.18
sinα = 0.9 1.95− 2 0.34− 0.36 0.06− 0.07 0.004− 0.005 0.03− 0.38 0.05− 0.06
4. PRODUCTION AND DECAYS OF THE DOUBLY-CHARGED HIGGS BOSONS
The discovery of the doubly-charged Higgs bosons would be one of the most striking signals of
physics beyond SM, and a clear signature for the Higgs Triplet Model. The decay modes of H±±
depend on the value of the VEV of the neutral triplet Higgs component, v∆. When v∆ ≤ 0.1 MeV,
the dominant decay mode of H±± is into lepton pairs. If v∆  0.1 MeV, the main decay modes of
H±± are into W±(?)W±(?)1, and into H±W±(?), if kinematically allowed. Searches for H±± were
performed at Large Electron Positron Collider (LEP) [25], the Hadron Electron Ring Accelerator
(HERA) [26] and the Tevatron [27]. The most up-to-date bounds have been more recently derived
by ATLAS and CMS collaborations at the LHC. Assuming a Drell-Yan-like pair production, these
collaborations have looked for long-lived doubly-charged states, and after analyzing 5 fb−1 of LHC
collisions at a center-of-mass energy
√
s = 7 TeV and 18.8 fb−1 of collisions at
√
s = 8 TeV,
they constrained the masses to lie above 685 GeV [28]. The assumption is that the doubly-charged
Higgs bosons decay 100% into a pair of leptons with the same electric charge through Majorana-type
interactions [19], thus neglecting possible decays into W -boson pairs, shown to alter the pattern of
H±± branching fractions [29]. In this work, we allow both decays into W±W± bosons, and also
include the effects of decays into vector leptons, which, if light enough, would modify the decays
1 For the present analysis, the mass of the doubly-charged Higgs boson will be such that decays into on-shell W±
pairs are kinematically allowed.
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of the doubly-charged Higgs bosons further. We take v∆ = 1 GeV throughout our considerations
2.
The main production mode for H±± is the pair production pp → γ∗, Z∗ → H±±H∓∓ and the
associated production pp → W±∗ → H±±H∓. The production cross sections for both the vector
boson fusion qQ→ q′Q′H±±, and for weak boson associated production qQ→W±∗ → H±±W∓,
are proportional to v2∆ and much less significant for v∆  vΦ.
At hadron colliders the partonic cross section for the leading order (LO) production cross section
for doubly charged Higgs boson pair is
σˆLO(qq¯ → H±±H∓∓) = piα
2
9Q2
β3
[
4e2q +
2eqvqvH±±(1−M2Z/Q2) + (v2q + a2q)v2H±±
(1−M2Z/Q2)2 +M2ZΓ2Z/Q4
]
, (4.1)
where we defined
vq =
2I3q − 4eq sin2 θW
sin 2θW
, aq =
2I3q
sin 2θW
, vH±± =
2I3H±± − 4 sin2 θW
sin 2θW
,
with I3i the third component of the isospin for particle i, Q
2 = sˆ the square of the partonic center
of mass energy, β =
√
1− 4m2
H±±/Q
2, and α the QED coupling constant evaluated at scale Q.
The hadronic cross section is obtained by convolution with the partonic density functions of the
proton
σLO(pp→ H±±H∓∓) =
∫ 1
τ0
dτ
∑
q
dLqq¯
dτ
σˆLO(Q
2 = τs), (4.2)
where Lqq¯ is the parton luminosity and τ0 = 4m2H±±/s (s is the total energy squared at the LHC).
The cross section for pair-production, including NLO corrections, has been evaluated in [30].
Depending on mass parameters in the model, the doubly-charged Higgs boson can decay into
lepton pairs, including vector leptons, W± pairs, or H±W± states. In the Higgs Triplet Model,
the decay rate for H±± into leptons is
Γ(H±± → l±i l±j ) = Sij |hij |2
mH±±
4pi
(
1− m
2
i
m2
H±±
− m
2
j
m2
H±±
)[
λ
(
m2i
m2
H±±
,
m2j
m2
H±±
)]2
, (4.3)
where mi is the mass of the i−th lepton (i = e, µ or τ) and Sij = 1, (1/2) for i 6= j, (i = j).
Similarly the decay rate of H±± into fourth generation vector leptons is, if kinematically allowed
Γ(H±± → E±i E±j ) = Sij
[
|h′EiEj |2 + |h′′EiEj |2
] mH±±
4pi
(
1− m
2
Ei
m2H±±
− m
2
Ej
m2H±±
)[
λ
(
m2Ei
m2H±±
,
m2Ej
m2H±±
)]2
,
(4.4)
2 This value of v∆ is small enough to satisfy electroweak precision conditions, but large enough to allow decay into
gauge boson and charged Higgs [17, 20].
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with MEi the mass eigenvalue from Eq. (2.9). In addition, we use the decay rates of H
±± into
W±W± and W±H±:
Γ(H±± →W±W±) = g
4v2∆m
3
H±±
64pim4W
(
1− 4m
2
W
m2
H±±
+
12m4W
m4
H±±
)
β
(
m2W
m2
H±±
)
(4.5)
Γ(H±± →W±H±) = g
2m3H±±
16pim2W
cos2 β±
[
λ
(
m2W
m2
H±±
,
m2H±
m2
H±±
)]3/2
, (4.6)
where cosβ± ' 1 is the mixing angle in the singly-charged Higgs sector and
β(x) =
√
1− 4x, λ(x, y) = 1 + x2 + y2 − 2xy − 2x− 2y. (4.7)
We investigate the branching ratios of H±± in two distinct parameter regions:
• Condition 1: when H±± → W±H± is not kinematically allowed. Then H±± decays into
leptons and W± pairs only:
BR(X±i X
±
j ) =
Γ(H±± → X±i X±j )
Γ1(H±±)
, where Xi = l
±
i , E
±
i ,W
±, (4.8)
with the total width for Condition 1
Γ1(H
±±) = Γ(H±± → l±i l±j ) + Γ(H±± → E±i E±j ) + Γ(H±± →W±W±).
• Condition 2: when H±± → W±H± is kinematically allowed. Then H±± is able to decay
into charged Higgs and gauge bosons as well:
BR(X±i X
±
j ) =
Γ(H±± → X±i X±j )
Γ2(H±±)
where Xi = l
±
i , E
±
i ,W
± , and
BR(W±H±) =
Γ(H±± → H±W±)
Γ2(H±±)
, (4.9)
with the total decay width for Condition 2
Γ2(H
±±) = Γ(H±± → l±i l±j ) + Γ(H±± → E±i E±j ) + Γ(H±± →W±W±) + Γ(H±± → H±W±).
We investigate the decay patterns of H±± and present plots of the production cross section times
the branching fractions under various conditions. To cover a wide range of parameter space, we
distinguish two cases for each condition, depending on the vector lepton masses. We set the Yukawa
coupling of the vector leptons with the doublet Higgs bosons to be h′E = h
′′
E = 0.8 for both cases.
• Case A corresponds to very light vector leptons: ME = ML = 205 GeV. For this case we
obtain for the eigenvalues, ME1 = 344.2 GeV, ME2 = 65.8 GeV, the latter of which is close
to the allowed minimum.
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• Case B corresponds to intermediate mass vector leptons ME = 400 GeV, ML = 300 GeV.
For this case we obtain for the eigenvalues, ME1 = 498 GeV, ME2 = 202 GeV.
In Fig. 5 we show the corresponding graphs for Condition 1 (when the decay H±± → W±H±
is not kinematically allowed), Case A on the top row and Case B on the bottom row. We plot
RXY = σ(pp → H±±H∓∓) × BR(H±± → XY ) with X,Y as specified in the attached panels, as
functions of the doubly-charged masses. On the left side of the figure the Yukawa couplings of
vector lepton with the triplet Higgs boson are h′EE = h
′′
EE = 0.1 and on the right side of the figure,
h′EE = h
′′
EE = 0.01. We set hij = 0.01 throughout.
For small vector lepton coupling h′EE = 0.01, the decay into µ
±τ± is dominant at low H±±
masses (this is because we assumed the couplings hij with ordinary leptons to be all equal; should
we have chosen them diagonal, the branching ratio into τ±τ± would dominate). At high H±±
masses the branching ratio into W±W± dominates and can reach 40%, branching ratios into
ordinary leptons reaching at most 40%, and those into vector leptons remaining at or below 20%
level. If the triplet Yukawa coupling to vector leptons is allowed to increase to h′EE = h
′′
EE = 0.1,
the decay into the two lightest vector leptons E2 becomes dominant, and can reach 80-90% when
kinematically allowed (in the mH±± ∼ 200−400 GeV region for ME2 = 65.8 GeV) and overwhelms
the other decay modes, which are now below 5%. The only difference between Case A and Case B
in this figure are threshold effects. For Case B, mH±± > 400 GeV for decay into pairs of E2 states,
as ME2 = 202 GeV; otherwise the branching ratios are the same.
In Fig. 6 we plot the same quantities for Condition 2 (when H±± → W±H± is kinematically
allowed), also Case A on the top row and case B on the bottom row, h′EE = h
′′
EE = 0.01 on the
left hand side and h′EE = h
′′
EE = 0.1 on the right hand side. The decay pattern is very different
here, and it is dominated by H±± → W±H±. For small vector lepton coupling h′EE = h′′EE the
branching ratios for decays into vector and ordinary lepton pairs, and W± pairs are very small,
and reach at most 1%. Increasing the vector lepton coupling to h′EE = h
′′
EE = 0.1, the decay into
H±W± still dominates throughout the parameter space where it is kinematically allowed and can
reach a branching fraction of over 90%, while the decay into vector leptons can have branching
ratios of up to 25%. Again, the decay rates into W± boson pairs and ordinary leptons are below
1%, and the only difference between Case A and Case B are, as in Fig. 5, threshold effects.
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FIG. 5: RXY = σ(pp→ H±±H∓∓)×BR(H±± → XY ) as a function of doubly charged Higgs boson mass
satisfying Condition 1: (top left) Case A and h′EE = h
′′
EE = 0.01; (top right) Case A and h
′
EE = h
′′
EE = 0.1;
(bottom left) Case B and h′EE = h
′′
EE = 0.01; (bottom right) Case B and h
′
EE = h
′′
EE = 0.1. We take
hij = 0.01.
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FIG. 6: RXY = σ(pp→ H±±H∓∓)×BR(H±± → XY ) as a function of doubly charged Higgs boson mass
satisfying Condition 2: (top left) Case A and h′EE = h
′′
EE = 0.01 (top right); Case A and h
′
EE = h
′′
EE = 0.1;
(bottom left) Case B and h′EE = h
′′
EE = 0.01; (bottom right) Case B and h
′
EE = h
′′
EE = 0.1. We take
throughout hij = 0.01 and mH± = 120 GeV for Condition 2.
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5. CONCLUSION
Despite no new signals of physics beyond the SM at the LHC, the SM cannot be the complete
theory of particle interactions. An extension of the SM by additional vector-like leptons is not
ruled out experimentally, and has been shown to provide a dark matter candidate. In models
beyond the SM, the vector leptons can alter not only the phenomenology of the Higgs, but also of
other additional particle representations predicted by the models. We provide an example within
the Higgs Triplet Model, where previously we showed that, in the absence of triplet-doublet Higgs
mixing in the neutral sector (sinα = 0), there is no enhancement of the rate of decay of h→ γγ in
this model with respect to the SM expectation.
Introducing vector leptons does not affect any of the tree-level decays of the neutral Higgs boson
observed at the LHC, nor its production decay. However, loop decays into electroweak particles,
such as h → Zγ and h → γγ would be affected. We show that, for the no-mixing scenario
(sinα = 0) the decays rates into γγ and Zγ do not depend on the doubly charged Higgs mass,
and thus without the additional vector leptons, these decays would be unchanged from the SM
expectations. With vector leptons, modest enhancements or suppressions are possible, more so for
h→ γγ, where for large Yukawa couplings, the rate of decays could even double. Under the same
circumstances, the decay width for h→ Zγ remains practically unchanged from its SM value. The
model thus presents a mechanism for enhancing one loop-decays and not the other, which seems
to be consistent with the LHC data (so far).
If sinα 6= 0, the effect of the doubly-charged Higgs bosons is felt for both h→ γγ and h→ Zγ,
most spectacularly so for very light mH±± = 150 GeV, which is ruled out for sinα 6= 0. Parameter
space regions where light doubly-charged Higgs masses (200-250 GeV), and significant mixing in
the neutral sector coexist, are disfavored. In general, there are many parameter combinations for
which the decay h→ γγ is enhanced, but few for an enhanced h→ Zγ, and these regions are ruled
out by the branching ratio for h → γγ. However, if the decay h → γγ is (modestly) enhanced,
while h → Zγ is the same as the SM to 1σ, small mixing angles and light doubly charged Higgs
bosons mH±± <∼ 300 GeV are preferred. The fact that there are no regions of the parameter
space consistent with present measurements of the branching ratio for h → γγ and an enhanced
rate for h → Zγ is a feature of this model, valid over the whole explored range of the parameter
space. Other than that, there are no definite correlations or anti-correlations between there two
loop-dominated decays.
The intermediate mass doubly-charged Higgs boson can decay into light vector leptons, which
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would alter its decay profile significantly. We explored this possibility and found that, if the
singly charged Higgs mass is such that the decay H±± → W±H± is not kinematically accessible,
dominant branching ratios into vector leptons, if kinematically accessible, are expected for triplet
Yukawa couplings h′EE = 0.1, whereas for small h
′
EE = 0.01 branching ratios into ordinary leptons,
vector leptons and W± pairs are comparable for mH±± ≥ 600 GeV. If and where the decay
H±± → W±H± is kinematically accessible, its corresponding branching ratio is the largest, while
the branching fraction into vector leptons could reach 20-25% for h′EE = 0.1. Under both these
circumstances, the decay patterns of the doubly charged Higgs bosons are significantly altered,
raising the hope that they can be found at masses around 300-500 GeV.
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